N-Acetylglucosaminyltransferase III (GnT-III), which catalyzes the addition of the bisecting GlcNAc branch on N-glycans, is usually described as a metastasis suppressor. Overexpression of GnT-III inhibited migration in multiple types of tumor cells. However, these results seem controversial to the clinical observations for the increased expression of GnT-III in human hepatomas, glioma, and ovarian cancers. Here, we present evidence that these inconsistencies are mainly attributed to the different expression pattern of cell sialylation. In detail, we show that overexpression of GnT-III significantly inhibits ␣2,3-sialylation but not ␣2,6-sialylation. The migratory ability of cells without or with a low level of ␣2,6-sialylation is consistently suppressed after GnT-III overexpression. In contrast, the effects of GnT-III overexpression are variable in tumor cells that are highly ␣2,6sialylated. Overexpression of GnT-III promotes the cell migration in glioma cells U-251 and hepatoma cells HepG2, although it has little influence in human breast cancer cell MDA-MB-231 and gastric cancer cell MKN-45. Interestingly, up-regulation of ␣2,6-sialylation by overexpressing ␤-galactoside ␣2,6-sialyltranferase 1 in the ␣2,6-hyposialylated HeLa-S3 cells abolishes the anti-migratory effects of GnT-III. Conversely, depletion of ␣2,6-sialylation by knock-out of ␤-galactoside ␣2,6-sialyltranferase 1 in ␣2,6-hypersialylated HepG2 cells endows GnT-III with the anti-migratory ability. Taken together, our data clearly demonstrate that high expression of ␣2,6-sialylation on the cell surface could affect the anti-migratory role of GnT-III, which provides an insight into the mechanistic roles of GnT-III in tumor metastasis.
Recently, accumulating information is obtained on the molecular details of how distinct sialylated structures or sialylated carrier proteins regulate cell signaling to control responses such as cell adhesion and migration (1, 23) . In contrast, there is limited knowledge regarding the regulatory mechanisms of sialylation on the cell surface. Several reports have indicated that some transcription factors were involved in the dysregulated expression of some sialyltransferases and neuraminidases (24 -28) . However, the altered transcription of these enzymes in tumor cells could not explain all the changes in sialylation. Given the outermost position of sialic acids on glycans and the branch specificities of different sialyltransferases, the amount and distribution of sialylation on the cell surface are also supposed to be affected by the altered expression of other glycosyltransferases responsible for branch formation in the N-glycan biosynthetic pathway. Nevertheless, the mechanisms in this respect are poorly understood.
Given the important role of GnT-III in N-glycan biosynthesis and tumor cell behaviors, we considered there exists an interplay between GnT-III and sialyltransferases in the expression of their enzymatic products and also their functions in tumor metastasis. In this work, we present evidence that overexpression of GnT-III in different tumor cells significantly inhibits ␣2,3-sialylation, but not ␣2,6-sialylation. Further, GnT-III exerts anti-migratory functions only in cells without or with a low level of ␣2,6-sialylation. Knock-out of ST6GAL1 in the ␣2,6-hypersialylated HepG2 cells endows GnT-III with the anti-migratory role. Together, these findings implicate GnT-III as a tumor migration suppressor under an ␣2,6-hyposialylated context, but this role could be impaired by high expression of ST6GAL1, which provides a plausible explanation for the increased expression of GnT-III during tumor progression.
Experimental Procedures
Cell Lines and Cell Culture-The 293T and HeLa S3 cell lines were provided by the RIKEN Cell Bank (Tsukuba, Japan). The MDA-MB-231 cell line was purchased from ATCC. The CHO-K1 and the U-251MG cell lines were gifted by Dr. Hideyoshi Higashi (Tohoku Pharmaceutical University, Sendai, Japan) and Prof. Jun Nakayama (Graduate School of Medicine, Shinshu University, Matsumoto, Japan), respectively. All cell lines above, as well as human hepatoma HepG2 cells, were maintained in high glucose DMEM with 2 mM L-glutamine and 10% FBS, for CHO-K1 cells also with nonessential amino acids. Two other previously established MKN-45 cell lines transfected with GnT-III-expressing or mock vectors were cultured at 37°C in RPMI 1640 medium with 10% FBS (9) . Pro-5 cells were gifts from Dr. Kitazume Shinobu (RIKEN) and cultured in ␣-MEM with 10% FBS. All cells were cultured under a humidified atmosphere containing 5% CO 2 at 37°C.
Western Blot Analysis and Immunoprecipitation-Cells were washed with PBS and then lysed with lysis buffer (10 mM Tris-HCl, 1% Triton X-100, 150 mM NaCl). Insoluble materials were removed by centrifugation at 15,000 rpm for 10 min at 4°C. Equal amounts of protein were separated using 7.5% SDS-PAGE, transferred to PVDF, and probed with the appropriate antibodies as indicated or with biotinylated erythro-agglutinating phytohemagglutinin (E4-PHA), biotinylated Sambucus nigra lectin (SNA), Maackia amurensis agglutinin (MAA), Datura stramonium agglutinin (DSA), and concanavalin A (ConA) lectins (Seikagaku Kogyo Inc., Tokyo, Japan). Immunoreactive bands were visualized using a Vectastain ABC kit (Vector Laboratories) and an ECL kit (Amersham Biosciences). Monoclonal antibodies against ␣3 integrin, ␣v integrin, and ␤1 integrin were purchased from BD Biosciences, and the anti-␣-tubulin antibody was from Sigma. For immunoprecipitation, the supernatant (2 mg of protein) was incubated for 1 h at 4°C with ConA-agarose or MAM (M. amurensis) agarose or Sambucus sieboldiana agarose (J-Oil Mill). After washing three times with lysis buffer, the immunoprecipitates were subjected to 7.5% SDS-PAGE, and the separated proteins were transferred to a nitrocellulose membrane. The membrane was incubated with a lectin for lectin blot analysis or with an antibody for immunoblot analysis. Immunoblotting was carried out as described previously (29) . Proteins were separated by SDS-PAGE. Samples were incubated at 4°C overnight with appropriate primary antibodies. Proteins were visualized by chemiluminescence (ECL, Pierce Biotechnology or Immobilon Western, Millipore).
The Establishment of GnT-III-overexpressing Cell Lines-For the GnT-III overexpression in tumor cells used in the present study, we utilized the doxycycline (DOX)-inducible shRNA expression system (Invitrogen) as previously described (30) . Briefly, human GnT-III gene was inserted into the Gateway Entry vectors pENTR-D-Topo (31) . GnT-III gene on the resultant plasmid was subsequently introduced into the overexpression vector CSIV-TRE-RfA-CMV-KT we constructed previously by the Gateway Conversion System (Invitrogen) (30) . The obtained lentiviral vectors were transfected into 293T cells with packaging plasmids by the calcium phosphate for the preparation of viruses. The obtained viruses were then incubated with different cell lines for 72 h. The infected cells were selected by the Kusabira Orange marker using FACS Aria II (BD Bioscience). The expression of GnT-III was induced by addition of 1 g/ml DOX in the established cell line, and the cells cultured under DOX-free medium were used as the control in the present study.
Construction of ST6GAL1 Knock-out Clones-The sgRNAs (pSpCas9-ST6GAL1-For, CACCGATGATCATGACGCAGT-CCTG; and pSpCas9 ST6GAL1-Rev, AAACCAGGACTGCG-TCATGATCATC) for ST6GAL1 knock-out were designed based on previously described design rules and inserted into the plasmid pX458 (32, 33) . The obtained plasmid were confirmed by DNA sequencing and transformed into DH5␣ competent cells for amplification. The constructed plasmids were transfected into different tumor cells by Cell Line Nucleofector TM kits (Lonza). The transfected cells were then incubated for 72 h and selected by the GFP marker using FACS Aria II (BD Bioscience). Finally, further negative selection for the obtained cells by SNA lectin was performed by using FACS Aria II to remove the cells expressing ␣2,6-sialylation.
Flow Cytometry Analysis of Cells-Cells were grown to ϳ90% confluency, detached using trypsin containing 1 mM EDTA at 37°C, and washed three times with cold PBS. Then cells were stained with anti-␤1 integrin antibody (P5D2) or 10 g/ml biotinylated SNA or MAA for 30 min on ice, followed by incu-bation with streptavidin conjugate Alexa Fluor 647 (Invitrogen) for 30 min on ice. Finally, cells were washed three times with PBS and analyzed by flow cytometry (BD Biosciences).
RT-PCR for mRNA Expression Analysis-Total RNA was prepared with TRI reagent (Invitrogen), and 1 g of total RNA was reverse-transcribed using a PrimeScript RT reagent kit with a gDNA Eraser (Takara) according to the manufacturer's instructions. The sequences of the primers used for the PCR amplification were designed previously (29) . The GAPDH mRNA was used as a control in PCR runs, and the reaction products obtained were subjected to electrophoresis using 2% agarose gels containing ethidium bromide.
Cell Migration Assay-Cell migration was examined with Transwells (BD BioCoat TM control inserts, 8.0-mm inserts; BD Biosciences) as described previously (31) . Transwells were coated only on the bottom side with 10 g/ml fibronectin (FN) at 4°C overnight. Cells cultured for 4 days were starved in serum-free medium for 12 h, trypsinized, and suspended with 0.5 mg/ml trypsin inhibitor (Nacalai Tesque) in DMEM. The suspended cells were centrifuged, and the supernatants were removed. The resulted cell pellets were resuspended with assay medium (serum-free DMEM) and diluted to 1 ϫ 10 5 cells/ml. To each FN-coated Transwell, 500-l aliquots of the cell suspension were added; the cells were then incubated at 37°C for appropriate time. After incubation, cells on the upper side were removed by scraping with a cotton swab. The membranes in the Transwells were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet for 1 h. The cells that had migrated to the lower side were counted using a phase contrast microscope.
Pyridiaminated (PA) Oligosaccharide Preparation and Glycosidase Digestion-Cells were harvested from three dishes (15 cm) of subconfluent cultures. The PA oligosaccharides purified were prepared as described previously (34 -36) , and the glycosidase digestion of the PA oligosaccharides was performed as previously indicated (37) .
Reversed Phase HPLC for Oligosaccharide Structural Analysis-The prepared PA oligosaccharides were subjected to an HPLC system equipped with a TSK-gel 80TM column (4.6 ϫ 150 mm; Tosoh). Elution was performed at a flow rate of 1 ml/min at 40°C using 20 mM ammonium acetate buffer (pH 4.0) as solvent A and the same buffer containing 1% 1-butanol as solvent B. The column was pre-equilibrated with 10% solvents B, and after injection of a sample, the PA oligosaccharides were separated by a linear gradient of 10 -25% of solvent B for 60 min. The eluted PA oligosaccharides were monitored by a fluorescence detector at excitation and emission wavelengths of 320 and 400 nm, respectively.
Quantitative Analysis of Sialylated Glycans by Anion Exchange HPLC-The prepared PA oligosaccharides treated with or without neuraminidases were subjected to an HPLC system equipped with a TSKgel DEAE-5PW column (7.5 ϫ 75 mm; Tosoh) and analyzed as described previously (34) .
Mass Spectrometry-Membrane fractions of cells were prepared as described previously (34 -36) . Pellets were dissolved in 8 M urea in PBS, and then the aliquots (300 g of protein) were reduced in 20 mM DTT, followed by alkylation with 40 mM iodoacetamide. After dilution with distilled water to 2 M urea solution, 6 g of trypsin from bovine pancreas (Wako Pure Chemical Industries) was added to the solution. The mixtures were incubated at 37°C for 18 h and then dialyzed against distilled water by using a mini dialysis kit (1-kDa cutoff; GE Healthcare). After inactivation of the trypsin by heating at 95°C for 5 min followed by lyophilization, the mixtures were dissolved in 50 mM ammonium hydrogen carbonate. Glycopeptidase F (1 milliunit; Takara Bio Inc.) was added to the solution, incubated at 37°C for 20 h, and then lyophilized. Obtained residues were dissolved in distilled water (100 l) and passed through cation exchange cartridge OASIS MCX (1 ml; Waters) and solid phase extraction cartridge SepPak C18 (1 ml; Waters), and then the cartridges were washed with 1 ml of distilled water. The pass-through fraction and washings were combined and lyophilized. For ␣2,3-neuraminidase digestion, the lyophilized residues were dissolved in 40 l of 50 mM sodium phosphate buffer (pH 6.0). ␣2,3-Neuraminidases from Streptococcus pneumoniae (2 l; Sigma) was added to the solution and incubated at 37°C for 20 h, then passed through solid phase extraction cartridge SepPak C18 (1 ml, Waters), and lyophilized. Obtained residues were permethylated as reported previously (37) . Mass measurements were performed with a MALDI quadrupole ion trap TOF instrument (AXIMA-QIT; Shimadzu Corp.). All of the spectra were obtained using MS mode with high mass range (over m/z 2000) and were the result of signal averaging of 200 laser shots. For sample preparation, 0.5 l of 2,5-dihydroxybenzoic acid solution (10 mg/ml in 30% ethanol) was deposited on the target plate and allowed to dry. Then 0.5 l of analyte dissolved in 50% acetonitrile was used to cover the matrix on the target plate and allowed to dry. Finally, the dried materials were recrystallized by adding 0.15 l of 99.5% ethanol to the matrix-analyte mixture on the target plate.
Statistical Analysis-Statistical analyses were performed using either an one-tail unpaired t test or one-way analysis of variance using GraphPad Prism5.
Results
Overexpression of GnT-III Dramatically Inhibits ␣2,3-Sialylation, but Not ␣2,6-Sialylation via Post-transcriptional Mechanisms-Alterations in early branch points of the normal N-glycan biosynthetic pathway can markedly affect the relative amount of one class of structure while allowing the dominance of another. One striking example is that the introduction of bisecting structure by overexpression of GnT-III leads to an inhibition of further processing and elongation of N-glycans (9) . Considering the outmost position of sialic acids on N-Glycans, we investigated the effects of GnT-III on the cell surface sialylation by using the human breast cancer cell line MDA-MB-231. Reversed phase HPLC analysis, as well as lectin blot with E4-PHA lectin, which mainly recognizes the bisected N-glycans produced by GnT-III, showed efficient overexpression of this gene in MDA-MB-231 cells (Fig. 1, A and D) . As expected, the binding of DSA (recognizing the multiantennary N-glycans) was clearly suppressed after GnT-III overexpression as compared with the control cells ( Fig. 1A) . To determine the effect of GnT-III overexpression on sialylation, we first used ConA-agarose to pull down N-glycans, followed by blotting with ConA, MAA, and SNA lectins. MAA and SNA lectins specifically recognize ␣2,3and ␣2,6-sialylated glycans, respec-FIGURE 1. Overexpression of GnT-III in MDA-MB-231 cells significantly inhibited the ␣2,3-sialylation, but not ␣2,6-sialylation, at a post-transcriptional level. A, cell lysates from control and GnT-III transfected MDA-MB-231 cells were immunoblotted with E4-PHA and DSA lectins or immunoprecipitated (IP) with ConA-agarose and blotted with ConA, MAA, and SNA lectins. B, to confirm the effect of GnT-III expression on cell sialylation, cells transfected with or without GnT-III were incubated with (bold line) or without (gray shading) biotin-conjugated MAA (recognizing ␣2,3-sialylated proteins), followed by incubation with streptavidin Alexa Fluor 647 conjugate and subjected to FACS analysis. C, to determine the changes in the N-glycans on specific proteins after GnT-III overexpression, the cell lysates from control and GnT-III transfected MDA-MB-231 cells were also immunoprecipitated by ConA, E4-PHA, MAM (recognizing ␣2,3-sialylated proteins), and S. sieboldiana (recognizing ␣2,6-sialylated proteins) agaroses and probed with antibodies against ␣3 integrin, ␣v integrin, and ␤1 integrin separately. D, PA oligosaccharides treated with or without glycosidases from those cells were analyzed by reversed phase HPLC. E, PA oligosaccharides treated with or without neuraminidases from the control, GnT-III transfected MDA-MB-231 cells, as well as their ST6GAL1 knock-out counterparts, were analyzed by anion exchange HPLC to quantify the amount of sialylated N-glycans. F, RT-PCR using total RNA extracted from the control and GnT-III transfected MDA-MB-231 cells was carried out to examine the expression levels of genes involved in protein sialylation. The expression level of Gapdh was used as a loading control. SCT, sialic acid transporter; St3gal, ␤-galactoside ␣2,3-sialyltransferase; St6galnac, ␣-N-acetylgalactosaminide ␣2,6-sialyltransferase; NEU, neuraminidase. Con, control (DOX-inducible GnT-III-overexpressing cells without DOX treatment); OE, DOX inducible GnT-III-overexpressing cells treated with DOX; ST6GAL1 KO, ST6GAL1 knock-out cells.
tively. As shown by the immunoprecipitation results, forced expression of GnT-III led to a dramatic reduction of ␣2,3-sialylation but not ␣2,6-sialylation (Fig. 1A) . The decreased expression of ␣2,3-sialylation was further corroborated by FACS analysis (Fig. 1B) . Consistently, similar changes in sialylation were also observed on specific membrane proteins including ␣3, ␣v, and ␤1 integrins (Fig. 1C) . To analyze the effect of GnT-III on sialylation quantitatively, we next performed anion exchange HPLC by using the N-glycans treated with or without neuraminidases from the control and GnT-IIIoverexpressing cells. In contrast to a small decrease in the amount of sialylated N-glycans after GnT-III overexpression in MDA-MB-231 cells, a significant reduction was observed when we overexpressed GnT-III in ST6GAL1 knock-out cells (Fig.  1E ). One explanation for these observations is that MDA-MB-231 cells majorly express ␣2,6-linked sialic acids because our data above have shown that GnT-III dramatically suppressed the ␣2,3-sialylation but not ␣2,6-sialylation. Consistent with this idea, our MS spectrometry analysis of N-glycans showed that ␣2,3-sialylated N-glycans were lowly expressed as no big difference in the peak pattern of MDA-MB-231 control cells was observed after the treatment with ␣2,3-neuraminidases ( Fig. 2A and Table 1 ). Given that ␣2,3-sialyltransferases and ␣2,6-sialyltransferases share a common set of N-glycan substrates, MS spectrometry analysis of N-glycans ( Fig. 2 and Table  1 ) was also performed to confirm the effects of the GnT-III on ␣2,3-sialylation using the ST6GAL1 knock-out cells with or without GnT-III overexpression. As expected, ST6GAL1 knock-out resulted in a significant increase in the glycans with ␣2,3-linked sialic acids as their corresponding peaks were decreased markedly after digestion with ␣2,3-neuraminidases ( Fig. 2B ). Further overexpression of GnT-III led to a clear enhancement in the glycans with bisecting GlcNAc structures (peaks of 7, 9, 12, and 14) but dramatically reduced the amount of ␣2,3-sialylated glycans (Fig. 2C ). It is worth mentioning that ␣2,6-sialylation still could be detected in ST6GAL1 knock-out cells according to the MS spectrometry analysis, but it is largely decreased as compared with control cells. The ␣2,6-linked sialic acids in ST6GAL1 knock-out cells should be due to the low expression of ST6GAL2, which has also been reportedly involved in ␣2,6-sialylation on N-glycans (38) . Notably, the sialic acids on bisected N-glycans were almost in an ␣2,6-linkage because treatment with ␣2,3-neuraminidases exerted little effect on the pattern of their corresponding peaks. All the results above suggest that GnT-III overexpression could suppress the ␣2,3-sialylation. Then we were wondering how GnT-III affected the sialylation. To address this question, RT-PCR analysis was performed. Little difference in the expression level of sialyltransferases and neuraminidases involved in N-glycan sialylation was observed after GnT-III overexpression, indicating that GnT-III regulates the sialylation at the post-transcriptional level (Fig. 1F ).
To decide whether GnT-III exerts similar effects in other cells, we replicated the experiments above in glioma cells U-251. Like in MDA-MB-231 cells, similar influences were observed in U-251 cells (Fig. 3, A and B) . Taken together, the results above demonstrate that GnT-III is capable of inhibiting ␣2,3-sialylation, but not ␣2,6-sialylation.
High Expression of ST6GAL1 Antagonizes the Anti-migratory
Role of GnT-III in MDA-MB-231 Cells-Next, to check the effect of GnT-III overexpression on cell migration in MDA-MB-231, Boyden chamber analysis was carried out. The control and GnT-III-overexpressing cells showed comparable migra- tory ability (Fig. 4, B and C) . This is not so surprising because we have shown previously that overexpression of GnT-III had little effect on the cell migration in MKN-45 cells either, although GnT-III is usually considered as a tumor metastasis suppressor. One possibility for these different effects is that there exist one or several independent factors that neutralize or overwhelm the effects of GnT-III and affect tumor metastasis. Recently, several groups, including ours, showed that ST6GAL1-mediated ␣2,6 hypersialylation correlated with the increased cell migration of multiple tumor cells (30, 39, 40) . Considering also our data above that GnT-III had little effect on ␣2,6-sialylation, we hypothesized that the terminal ␣2,6-linked sialic acids on N-glycans might affect the role of bisected GlcNAc in tumor metastasis. To test this idea, ST6GAL1 was knocked out in MDA-MB-231 cells, which was confirmed by FACS analysis using SNA (Fig. 4D) . ST6GAL1 knock-out clearly inhibited cell migration as compared with parent cells (Fig. 4, E and F) , which is consistent with the effects of ST6GAL1 knockdown we reported previously (29) . Overexpression of GnT-III in this knock-out cells led to a further decrease in cell motility (Fig. 4 , D-F). To exclude the possibility that this influence is due to the off target effects of designed sequence for ST6GAL1 knock-out, rescue experiments were performed by overexpressing ST6GAL1 in GnT-III-overexpressing ST6GAL1 knock-out cells (Fig. 4G ). After overexpression of ST6GAL1, little difference in cell migration was observed (Fig. 4, H and I) . Taken together, the results clearly indicate that high expression of ␣2,6-linked sialic acids may affect the role of GnT-III in cell migration.
Forced Expression of GnT-III Exerts Inhibitory Effects on Cell Migration in the Cells without or with a Low Level of ␣2,6-Sialylation-Then, the question arises regarding whether ␣2,6-sialylation also affects the function of GnT-III in other cells. To address it, we overexpressed GnT-III in different cells and checked its effects on cell motility (Fig. 5 ). Fig. 5B showed the sialylation patterns in these cells. Interestingly, the migratory ability of cells (HeLa-S3, CHO-K1 and Pro-5) without or with a low level of ␣2,6-sialylation was consistently suppressed after overexpression of GnT-III (Fig. 5A) . In contrast, overexpression of GnT-III exerted varying effects on cell migration in tumor cells that are ␣2,6-hypersialylated. Like in MDA-MB-231 ( Fig. 5A) , little influence was observed in human gastric cancer cell line MKN-45 as reported previously (9) . However, surprisingly, cell motility of glioma cells U-251 and hepatoma cells HepG2 was significantly enhanced. Taken together, the results indicate that GnT-III plays an anti-migratory role in tumor cells without or with a low level of ␣2,6-linked sialic acids but not in those ␣2,6-hypersialylated. Forced Expression of ST6GAL1 Could Impair the Anti-migratory Role of GnT-III in HeLa-S3 Cells-To examine whether cell surface ␣2,6-linked sialic acids could affect the anti-migratory role of GnT-III in cells that are ␣2,6-hyposialylated, we overexpressed ST6GAL1 gene in GnT-III-overexpressing HeLa-S3 cells. Lectin blot and FACS analyses showed the efficient expression of GnT-III and ST6GAL1 (Fig. 6, A and B) . It is worth mentioning that the inhibitory effects of GnT-III on ␣2,3-sialylation was also clearly reflected in this cell line because the reactivity with MAA lectin was markedly decreased after overexpression of GnT-III. As shown by Boyden chamber analysis (Fig. 6, C and D) , GnT-III overexpression led to a significant inhibition of the cell motility in HeLa-S3, but these effects were totally abolished by further expression of ST6GAL1, suggesting that enhancing ␣2,6-linked sialic acids in ␣2,6-hyposialylated cells is capable of impairing the anti-migratory role of GnT-III. Figs. 4A and 7 (A-C) . Therefore, we further asked whether this pro-migratory role of GnT-III is dependent on ␣2,6-sialylation. To test it, ST6GAL1 gene was knocked out in GnT-III-overexpressing HepG2 cells. FACS analysis showed that knock-out of ST6GAL1 almost abolished the reactivity with SNA lectin (Fig. 7D) . Like in MDA-MB-231 cells, ST6GAL1 knock-out in HepG2 cells also significantly decreased cell motility as compared with the control cells (data not shown). In contrast to the increased cell migration after GnT-III overexpression in HepG2 cells, forced expression of GnT-III in the ST6GAL1 knock-out cells clearly suppressed cell motility (Fig. 7, E and F) . These data further confirmed that GnT-III may act as a tumor suppressor under an ␣2,6-hyposialylated context, but this role could be impaired by the high expression of ST6GAL1.
Depletion of ␣2,6-Sialylation by Knock-out of ST6GAL1 Endows GnT-III with Inhibitory Roles in Cell Migration of HepG2 Cells-Forced expression of GnT-III in glioma U-251 and hepatoma HepG2 resulted in a clear increase in cell migration as shown in

Discussion
GnT-III plays critical roles in defining the ultimate structure of hybrid and complex N-Glycans as the addition of a bisecting GlcNAc suppresses further processing and elongation of N-glycans to form branching structures, such as the ␤1,6-GlcNAc branching structures catalyzed by GnT-V. Because GnT-V has long been linked to the increased metastasis in tumors and overexpression of GnT-III in some cancer cells like HeLa-S3 and B16 reduced the rate of metastasis (11, 41) , GnT-III has been usually regarded as a metastasis suppressor. However, there is also evidence that GnT-III overexpression had little influence in the human gastric cancer cell line MKN-45, and the expression of GnT-III was significantly increased in hepatoma, glioma, and ovarian cancer (9, 12, 15, 16) . This raised the question as to the mechanistic roles of GnT-III in regulating the metastatic cell behaviors. Our results here demonstrate that the effects of GnT-III on cell migration are dependent on the cell sialylation pattern. GnT-III plays an anti-migratory role under an ␣2,6-hyposialylated context. High expression of ␣2,6-sialylation could antagonize this role and endow the cells with high migratory ability.
We have clearly demonstrated that overexpression of GnT-III dramatically suppresses ␣2,3-sialylation, but not ␣2,6-sialylation with a combination of assays including HPLC, Western blot, and FACS. These effects are exerted at a post-transcriptional level, because RT-PCR analysis revealed little difference in the expression of sialyltransferases and neuraminidases between the control and GnT-III-overexpressing cells. DSA blotting showed that the introduction of bisecting structures suppresses the formation of multiantennary sugar chains. Therefore, it is reasonable to consider that the decrease in ␣2,3linked sialic acids is, at least partially, due to the reduced branches of N-glycans. However, this seems not the main mechanism because the decreased extent of ␣2,3-sialylation either overall or on specific integrins is more dramatic than that of multiantennary glycans as shown by DSA lectin. Given that each sialyltransferase possesses a distinct preference for one or two branches and has a low or intermediate affinity for the FIGURE 5 . The migratory ability of cells without or with a low level of ␣2,6-sialylation was inhibited after overexpression of GnT-III. A, the effects of GnT-III overexpression on the fibronectin-mediated migration in different cells. Ϯ, undetectable; ϩ, less; ϩϩ, normal; ϩϩϩ, much; ϩϩϩϩ, very much. B, the level of sialylation is based on the results of FACS analysis using MAA or SNA. Cell lines as indicated were incubated with biotin-conjugated MAA (thin line) or biotin-conjugated SNA (bold line) or without biotinconjugated MAA and SNA lectins (gray shading), followed by incubation with streptavidin Alexa Fluor 647 conjugate and subjected to FACS analysis to examine the cell sialylation status. *, it has been reported that CHO-K1 and Pro-5 express no an ␣2,6-linked sialic acids (64). The peak shift in those SNAstained cells should be due to nonspecific reaction. MARCH 11, 2016 • VOLUME 291 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 5715 others (42) (43) (44) , it is possible that the down-regulated ␣2,3sialylation after GnT-III overexpression could be also attributed to the branch specificities of sialyltransferases. In agreement with this hypothesis, previous reports showed that a low degree of branching favors ␣2,6-sialylation but does not favor ␣2,3-sialylation (42, 45) . Further, our mass spectrometry analysis showed that the sialic acids on bisected N-glycans were almost in an ␣2,6-linkage. Consistently, a recent study on the N-glycan profiling of a GnT-III highly expressed colorectal cancer cell line using the method of porous graphitized carbon LC-ESI-MS/MS indicated that the bisecting GlcNAc structures accounted for 38% of total relative abundance of complex and hybrid glycans, but no ␣2,3-linked sialic acids were detected on the bisected N-glycans (17) . All these results suggest that the biantennary or hybrid bisecting structures may not favor the subsequent transfer of ␣2,3-linked sialic acids as compared with the nonbisecting chains, but it does not mean that ␣2,3sialyltransferases could not use the bisecting structures as substrates at all because traces of the bisecting N-glycans that carry ␣2,3-linked sialic acids have been detected recently in ovarian cancer cell lines, although they are much less than ␣2,6-sialylated bisecting N-glycans (16) . In contrast to branch specificities of ␣2,3-sialyltransferase, in vitro enzymatic activity study of ST6GAL1 has shown that introduction of bisecting GlcNAc residue does not affect the subsequent ␣2,6-sialylation (37), which is consistent with the predominant or exclusive existence of ␣2,6-sialylated bisecting N-glycans in tumor cells as we discussed above. In addition to branch specificities, we could not exclude the possibility for the decrease in ␣2,3-sialylation resulting from the substrate competition. One clear reason is that ␣2,3-sialyltransferases and ␣2,6-sialyltransferase share a common pool of sugar chains, but in fact, such competition is not limited to an interaction with one or the same terminal sugar residue. Mutual exclusion has been also observed for the ␣2,6-sialylation of the galactose and ␣1,3-fucosylation of the GlcNAc in the N-acetyllactosamine unit (46) . Therefore, it is tempting to speculate that the addition of ␣2,6-linked sialic acids on specific N-glycans may not favor the further sialylation in an ␣2,3-linkage. Furthermore, the decreased ␣2,3-sialylation is also possibly due to the sialylatransferase relocation, although no evidence has been shown so far that the expression of one glycosyltransferase could affect the localization of the others. Taken together, GnT-III could regulate the ␣2,3-sialylation through many mechanisms. Interestingly, a recent glycomic analysis of gastric carcinoma cells showed that overexpression of ST3GAL4, which could produce the ␣2,3-linked sialic acids on N-glycans, significantly suppressed the expression of the bisected N-glycans (47) . Considering also our data here, there may exist a negative interplay between the expression of ␣2,3sialylation and bisecting structures, so it is reasonable to spec- ulate that altered expression in one glycosyltransferase may affect the enzymatic products of the others, thereby having a major impact in the glycoproteome of cancer cells.
Interplay between GnT-III and ST6GAL1 in Regulating Cell Migration
Our lectin blot and FACS analyses showed that overexpression of GnT-III in MDA-MB-231 cells decreased the level of ␣2,6-sialylation to a small extent, whereas little effect was observed on the amount of ␣2,6-sialylated N-glycans as indicated by HPLC. These data suggest that the decrease in ␣2,6-sialylation is mainly due to the reduced antennae of N-glycans after GnT-III overexpression. Consistent with this idea, our immunoprecipitation analysis suggests that the amount of ␣2,6-sialylated integrins is not decreased in GnT-III-overexpressing cells. Furthermore, a previous enzymatic activity assay showed that ST6GAL1 could catalyze the transfer of sialic acids to the bisecting biantennary glycans as efficiently as to the nonbisecting counterparts (37) .
Sialic acids play important roles in cancer cell behaviors (18, 20, 21, 23) . Alterations in sialylation in many glycoconjugates may have dramatic impact in the biology of cancer cells (48, 49) . In recent years, ST6GAL1 is receiving more and more attention as the up-regulated expression of ST6GAL1 was observed in carcinomas of the colon, breast, cervix, choriocarcinomas, acute myeloid leukemias, and some malignancies of the brain as well (19) . Several groups, including ours, have shown that increased ␣2,6-sialylation catalyzed by ST6GAL1 contributes to tumor metastasis and invasion (30, 39, 40) . Considering also the location of sialic acids at the outmost reaches of the cell surface and their relatively strong electronegative charge, it is not surprising that high expression of ST6GAL1 as shown in the present study is able to impair the anti-migratory role of GnT-III. However, the underlying molecular mechanisms seem complicated. In vitro studies have suggested that ST6GAL1 promoted cell migration and invasion, at least in part, by the increased ␣2,6-sialylation of the ␤1 integrin (40, 50, 51) . The ␣5␤1 integrins were also required for suppressive role of GnT-III in fibronectin-mediated cell migration. Therefore, it is reasonable to postulate that further modification with ␣2,6-sialylation on bisecting GlcNAc structures may affect the cell signaling mediated by ␣5␤1 integrins. In addition, considering Cells that migrated through the Transwell membrane were stained with 0.5% crystal violet. Shown is a representative example recorded by phase contrast microscopy. Scale bar, 100 m. C, the migrated cells were counted under a microscope. The quantitative data were obtained from three independent experiments. D, ST6GAL1 knock-out HepG2 cells were incubated with (bold line) or without (gray shading) biotin-conjugated SNA, followed by incubation with streptavidin Alexa Fluor 647 conjugate and subjected to FACS analysis. E, the migratory ability of cells indicated toward FN was determined by Transwell assay. Cells that migrated through the Transwell membrane were stained with 0.5% crystal violet. Shown is a representative example recorded by phase contrast microscopy. Scale bar, 100 m. F, the migrated cells were counted under a microscope. The quantitative data were obtained from three independent experiments. The p values were calculated using one-tail unpaired t test. Error bars indicate standard derivation. *, p Ͻ 0.01. Con, control; OE, GnT-III-overexpressing cells.
that ␣5 integrin is rarely expressed in HepG2 cells, other mediators should exist. Among these, ␣v␤3 and ␣v␤6 could be the targets because both of them act as the important receptors for fibronectin, and both of them are deeply implicated in the promotion of the cancer cell metastasis (52) (53) (54) (55) . One more important molecule that could not be ignored is E-cadherin, which plays critical roles in cell-cell adhesion. The disruption of E-cadherin-mediated cell adhesion appears to be a central event in the transition from noninvasive to invasive carcinomas (56) . Our lab has reported that the presence of bisecting structures on E-cadherin may prolong its retention at the cell border (31) , whereas overexpression of ST6GAL1 exerts the opposing effects (29) . Further, knockdown of ST6GAL1 induced the expression of E-cadherin in several tumor cell lines (29) . Therefore, it is conceivable that ST6GAL1 may counteract the antimetastatic role of GnT-III also through E-cadherin. The formation of galectin-glycan complex is highly implicated in cancer metastatic behavior, and different glycan structures show different affinity with certain glycans (57, 58) . Introduction of both sialic acids and bisected GlcNAc structures are able to affect the binding with the galectins, but they have distinctive effects on the binding with some different galectins (59, 60) , so galectin recognition could be also a possible explanation for the mask effect of ST6GAL1 on the function of GnT-III in cell migration. Taken together, the counteractive effect of ST6GAL1 on GnT-III in cell motility could be mediated by a number of molecules involved in cell adhesion and migration. The different expression pattern of these molecules in each cell system may serve as a possible explanation for why overexpression of GnT-III promoted the cell migration in some ␣2,6-hypersialylated cells but not in others. Detailed characterization of how ␣2,6-sialylated N-glycans and bisected N-glycans affect the signaling pathways mediated by these molecules is required for better understanding of the interplay between ST6GAL1 and GnT3 in regulating the tumor metastasis.
Glycosylation is involved in fundamental molecular and cell biology processes occurring in cancer (1) . The increased expression of GnT-III and bisecting GlcNAc glycans has long been observed in hepatoma and glioma in mammals (12, 15) . Our study showed, for the first time, that GnT-III overexpression could stimulate the migratory properties of ␣2,6-hypersialylated glioma cells U-251 and hepatoma cells HepG2, which indicates a clear biological significance of GnT-III in the malignancy of gliomas and hepatomas. However, the pro-migratory role of GnT-III seems ␣2,6-sialylation-dependent because GnT-III overexpression in ST6GAL1 knock-out HepG2 cells led to a suppression of cell motility. Consistent with this idea, in addition to GnT-III, ST6GAL1 is also highly expressed in both gliomas and hepatomas according to the human protein atlas database (12) . Recently, the expression of both GnT-III and ST6GAL1 was found up-regulated in the human ovarian cancer and knockdown of ST6GAL1 significantly inhibited cell migration (16, 40) . One group last year showed a highly metastatic colorectal cancer cell line, which contained an abundance of bisecting GlcNAc glycans (17) . This made them somewhat surprised because GnT-III is usually considered to be a tumor metastasis suppressor. Now, it becomes conceivable because their RT-PCR result showed that ST6GAL1 was also expressed at a high level in that cell. All these results indicate that the cell glycosylation patterns are very relevant for the "functional" outcome in cancer cells, and certain cells alterations in N-glycans may have different outcomes depending on sialylation. Then a question arises regarding how this strategy benefits the tumor progression. One possibility for the case of GnT-III and ST6GAL1 could be that it favors the status transition of tumor cells between metastasis and proliferation. In detail, under the metastatic status, tumor cells may express both GnT-III and ST6GAL1 to endow itself with migratory potential, but after they reach the secondary sites, they could easily transit to the adhesion mode by down-regulating the ␣2,6-sialylation and prepare for subsequent proliferation because GnT-III has been reported to contribute to cell-cell contacts. Clearly, further evidence is needed for this hypothesis.
Like GnT-III, GnT-V expression could also affect the cell sialylation. We found that overexpression of GnT-V in HepG2 cells and MKN-45 cells led to a clear increase in ␣2,3-sialylation of ␤1 integrin, while decreasing its ␣2,6-sialylation (data not shown). This is in agreement with the previous observation that knock-out of GnT-V in MEF cells up-regulated ␣2,6-sialylation but down-regulated ␣2,3-sialylation (45) . Because both GnT-V and ST6GAL1 have been correlated with the increased metastasis and invasion in tumor progression, it has been postulated that ST6GAL1 mediates the pro-metastatic role of GnT-V (61). However, this seems not to be the case. Overexpression of GnT-V in either HepG2 parent cells or its ST6GAL1 knock-out cells promoted the cell migration, although GnT-V-overexpressing cells exhibited higher metastatic ability than the GnT-V-overexpressing ST6GAL1 knock-out cells (data not shown). Further, it has been shown that GnT-V plays a pro-metastatic role, at least partially, via interacting with galectin-3 (62), whereas the ␣2,6-sialylation but not ␣2,3-sialylation of N-glycan is able to inhibit its binding to galectin-3 (60, 63) . Therefore, it is reasonable to consider that ST6GAL1 and GnT-V contributes to the malignant progression by different mechanisms.
Tumor cells exhibit significant changes in cell surface glycosylation. Certain glycan structures are closely associated with the metastatic cell behaviors including invasion and enhanced cell survival, which provide important sources of markers for tumor progression. Here, we showed that GnT-III plays antimigratory roles in the ␣2,6-hyposialylated cells, but high expression of ST6GAL1 may impair this role and endow the cells with strong metastatic potential, suggesting that high expression of GnT-III, together with ST6GAL1 or not, may serve as different markers for tumor malignancy.
